Abstract -Neutron capture and transmission measurements were performed by the time-of-flight technique at the Rensselaer Polytechnic
I. INTRODUCTION
The purpose of the present work is to measure the neutron cross sections of gadolinium accurately. Gadolinium has the highest thermal cross section of any natural element. Two large resonances exist slightly above thermal energy. The resonances are in 155 Gd and 157 Gd. Isotopically enriched 155 Gd and 157 Gd samples were prepared as liquid solutions with heavy water to produce uniform, thin samples. These thin samples were used in conjunction with elemental, natural metal samples.
A more detailed description of the present measurement and analysis is given in Ref. 1. II. HISTORICAL REVIEW A review of the prior measurements of Gd shows that the resonance parameters for the low-energy doublet~at '0.03 eV! in ENDF0B-VI~Ref. 2! updated *E-mail: leinwg@rpi.edu NUCLEAR SCIENCE AND ENGINEERING: 154, 261-279~2006! through release 8 are nearly identical to those of Møller et al. 3 The neutron width of the low-energy 155 Gd resonance and the radiation widths of both low-energy resonances come directly from the paper of Møller et al., 3 while the ENDF value for the neutron width of the lowenergy 157 Gd resonance is within 0.4% of the value given by Møller et al. 3 In the region from 1.0 to 300.0 eV, most of the resonances occur in 155 Gd and 157 Gd. In these two isotopes, ENDF resonance parameters are based on a few experiments, particularly Mughabghab and Chrien, 4 Simpson, 5 and Fricke et al. 6 The other high-abundance isotopes, 158 Gd and 160 Gd, have few resonances, and their parameters come from Mughabghab and Chrien 4 and Rahn et al. 7 The minority isotopes are 152 Gd and 154 Gd. Gadolinium-152 has a natural abundance of 0.2%. Its parameters come from Anufriev et al. 8 and Macklin. Gadolinium-154 has a natural abundance of 2.1%. Its resonance parameters come from Refs. 7 and 9.
Many other authors contributed observed resonance energies and0or spin assignments for resonances energies above 148 eV including Belyaev et al., 10 Karzhavina et al., 11, 12 and Asghar et al. 13 III. EXPERIMENTAL CONDITIONS Table I gives some details of the experimental conditions including neutron targets, overlap filters, linac pulse repetition rate, flight path length, and channel widths. Descriptions of the detectors, 14, 15 data acquisition, 14, 16 and neutron-producing targets [17] [18] [19] used in these experiments are available in the references.
The neutron energy for a detected event is determined using the time-of-flight~TOF! technique. The overall dead time of the signal-processing electronics has been set at 1.125 ms for capture measurements and 0.6 ms for transmission measurements. 14 Table II lists the isotopic content of the gadolinium samples used in the experiments. The purity of metal samples was 99.8%. The isotopic abundances of the elemental metal samples are taken from Ref. 20 . The only significant contaminant in the metal samples was tantalum with a manufacturer-specified content of ,0.1%. The liquid samples were prepared by dissolving enriched gadolinium oxide in D 2 NO 3 and then diluting in 99.80% pure D 2 O. The uncertainties in isotopic enrichment of liquid samples given in Table II were determined by mass spectroscopy. No evidence of contamination was observed in the liquid sample data. Table III lists the thicknesses of the samples and the measurements made with these samples. The uncertainties in sample thickness for metal samples were propagated from multiple measurements of sample weight and diameter. The diameter measurements were the dominant component of the uncertainties. The uncertainties in sample thickness for liquid samples are larger than those of metals as shown in Table III . The method used to determine the effective thickness of a liquid consists of weighing the quantity of Gd 2 O 3 necessary for 10 ml of GdNO 3 solution in a 10-ml flask. Then, a known weight of DNO 3 is added to dissolve the Gd 2 O 3 . Next, a known weight of D 2 O is added to bring the volume to 10 ml. The concentration of Gd 2 O 3 is the weight in grams divided by 10 ml. The weights are accurate to 0.001% for a 5-g sample. The accuracy of this method is limited by the accuracy of the volumetric flask, i.e., 0.2%. Each of the samples used is a further dilution of the stock solution, introducing a second 0.2% error. Subsequent to the gadolinium sample preparation, a second method was developed. It consists of preparing more of each solution than is required, so that part of the batch can be extracted with a precision~0.02 vol%! pipette, fired and weighed. Experience has shown that estimates of sample thickness from these two methods can differ by 2%. The second method is preferred since it measures the final product. Application of this second method to the current measurements would require destructively analyzing the liquid samples used in this measurement, which was not done. Therefore, the uncertainty in sample thickness for the liquid samples is Յ2%.
All metal samples were natural elemental gadolinium sealed inside aluminum sample cans. The thickness of aluminum on each of the front and rear faces of each sample was 0.38 mm~15 mils; 1 mil ϭ 0.001 in.!. The influence of these sample cans, as well as all background, was measured by including empty sample cans in the capture measurement. Background in transmission measurements is discussed in Sec. IV.B.
The liquid samples were enclosed in quartz cells. A drawing of the quartz cell is given in Fig. 1 . The liquid samples were needed to measure the strong thermal 
III.A. Capture Detector
The capture detector is a gamma detector containing 20 ᐉ of NaI~Tl!~Refs. 14, 15, and 16!. The scintillation crystals form an annulus around the neutron beam with the sample at its center. The metal samples were 5.08 cm in diameter, and the neutron beam was collimated to 4.76 cm. Neutrons that scatter from the sample are absorbed by a hollow cylindrical liner fabricated of boron carbide ceramic to reduce the number of scattered neutrons reaching the detector. The liner uses boron enriched to 98.4 wt% 10 B for maximum neutron absorption. The liquid samples were 1.27 cm in diameter, and the neutron beam was collimated to 1.11 cm. The final collimator used for the liquid sample measurements was an annular cylinder of 10 B powder placed inside the detector just a few centimeters from the samples. The detector system discriminates against the 478-keV gamma ray from 10 B~n, a! reactions. The efficiency of the capture detector is assumed to be the same for all Gd isotopes. Reference 14 contains a description of the detector and its signal-processing electronics. c These three samples, LX-9, LX-10, and LX-11, were further diluted and therefore required a third measurement of volume with an uncertainty of 0.2%.
III.B. Transmission Detectors
Neutron transmission measurements were conducted at the 15-and 25-m flight stations. The 15-m station contains a 7.62-cm~3-in.!-diam, 0.3-cm-thick NE 905 6 Li glass scintillation detector~6.6% lithium, enriched to 95% in 6 Li! and is used for measurements covering the energy range from 0.002 to 10 eV. The 25-m station contains a 12.70-cm~5-in.!-diam, 1.27-cm-thick NE 905 6 Li glass detector and covers the range from 1 to 300 eV. Each detector is coupled to a photomultiplier tube.
Transmission samples along with empty sample holders, which are used to measure the open-beam count rate, are mounted on an eight-position computer-controlled sample changer. The transmission function, which is approximately the ratio of the count rate with a sample in the beam to the count rate with samples removed, varies with neutron energy. Each data run consists of one complete cycle through the samples, with a predetermined number of linac bursts for each sample position. The distribution of bursts per sample position is chosen to minimize the counting statistical error in the measured cross section. 21 
IV. DATA REDUCTION

IV.A. Capture Data
Neutron capture data taking and data reduction techniques at the Rensselaer Polytechnic Institute~RPI! linac are described in Refs. 22 and 23. For the thermal measurement of liquid samples, background was determined using a cell containing D 2 O. For the epithermal measurement of metal samples, background was determined using empty aluminum sample cans.
Processed capture data are expressed as yield. Yield is defined as the number of neutron captures per neutron incident on the sample. Therefore, in addition to the sample data, another set of data was needed to determine the energy profile of the neutron flux. This was done by mounting a thick 10 B 4 C sample in the sample changer and adjusting the total energy threshold to record the 478-keV gamma rays from neutron absorption in 10 B. The boron absorption spectrum provides an accurate representation of the energy profile of the linac's neutron beam flux convoluted with the 10v boron~n, a! cross section. These flux data give the shape of the neutron beam flux but not its magnitude. The thermal flux was smoothed using a cubic spline interpolation. The thermal yield was normalized to the transmission data in a combined SAMMY fit. The epithermal flux was normalized to the black 6.3-eV predominantly-capture resonance in Gd. A small correction~1.8%! was made for the scattering in the 6.3-eV normalizing resonance. The 2.54-mm 100-mil! sample data were used for this normalization.
The zero time for each experiment was determined by performing a "gamma flash" measurement. The burst of gamma rays accompanying the neutron burst is detected by the capture detector. The centroid of the gammaflash peak, less the time for light to travel the length of the flight path, is defined as the zero time of neutron production.
Finally, Y i , the capture yield in TOF channel i, was calculated by
where C i ϭ dead-time-corrected and monitor-normalized counting rate of the sample measurement B i ϭ dead-time-corrected and monitor-normalized background counting rate K ϭ product of the flux normalization factor and efficiency
It was this capture yield and its associated statistical uncertainty that provided input to the SAMMY data analysis code 24 that extracted the neutron resonance parameters.
Four liquid capture samples were used in the analysis of the thermal region. The low-energy cutoff for capture data in the thermal region was 0.01 eV. Four natural metal samples were used in the epithermal region, 1 to 300 eV.
The flux-to-background ratio in the liquid sample thermal capture experiment peaked at approximately 35-to-1 at 0.1 eV, is 20-to-1 at the thermal region doublet, and fell to 3-to-1 at 0.01 eV. Capture data were not used below 0.01 eV The flux-to-background ratio for the natural metal epithermal capture experiment was approximately 400-to-1 from 150 to 300 eV and fell steadily to 300-to-1 at 40 eV, to 200-to-1 at 10 eV, and 80-to-1 at 2 eV. The time-dependent background was obtained with the one-notch0two-notch method. 25 The transmission function was calculated from Eq.~2!:
IV.B. Transmission Data
where The backgrounds of the two thermal liquid sample measurements were normalized to extrapolated notch data in Cd at 0.15 eV.
Correction factors of up to 1.3% were applied to LX-1, LX-5, and LX-6 thermal transmission data due to sample misalignment, so that their transmissions went to zero in the saturated low-energy region.
For the thermal metal measurement, a single exponential function was used to interpolate between two known background points: a fixed indium notch at 1.4 eV and the region below 0.01 eV, where all metal Gd samples are black. Normalization constants K S and K O were fixed at 1.0 for the thermal metal measurement. Each sample's background function was calculated individually.
The background of the first epithermal measurement was normalized to the extrapolated notch in silver at 5.2 eV for all samples except the 1.02-cm~400-mil! sample, which was normalized at the saturated 20.5-eV resonance in Gd.
The background of the second epithermal measurement was normalized to the extrapolated notch in tungsten at 18.8 eV.
The epithermal flight path length~'25.6 m! and zero time were fitted to match the energies from epithermal capture data.
Seven liquid transmission data sets were used in the thermal analysis. Three natural metal samples were used in the thermal and epithermal energy ranges up to 10 eV. Eleven additional natural metal transmission data sets were used in the epithermal analysis from 1 to 300 eV.
The signal-to-background ratios for the two liquid sample thermal experiments peaked at 2000-to-1 near 0.5 eV. The ratio in the region of the two strong thermal resonances in Gd was 1000-to-1. Signal-to-background fell to 10-to-1 at 2 meV, the lowest energy at which data were used. Signal-to-background ratios for the metal sample thermal experiment was 1000-to-1 or greater from thermal energies through 0.1 eV with a peak value of 2000-to-1 at 0.06 eV. The ratio fell to 200-to-1 at 0.5 eV and remained steady at 200-to-1 out to 10 eV.
Signal-to-background ratios for the two metal sample epithermal experiments were rather constant with energy at approximately 45-to-1 for the boron-filtered experiment and approximately 75-to-1 for the cadmiumfiltered experiment.
V. ANALYSIS METHODS
Resonance parameters, neutron width G n , radiation width G g , and resonance energy E 0 , were extracted from the capture and transmission data sets using the SAMMY version M6 multilevel R-matrix Bayesian code. 24 This was a combined transmission and capture analysis, which employed the resolution broadening, self-shielding, multiple-scattering, and diluent features of SAMMY. The present measurements assumed the same spin assignments as ENDF for all resonances analyzed.
In the liquid thermal capture measurement, a D 2 Oonly "blank" cell was used to measure background. The data were processed by subtracting the blank from the Gd plus D 2 O capture data. The SAMMY geometry consists of a homogeneous mixture of Gd and D 2 O. The three-dimensional geometry in MCNP~Ref. 26! allowed a realistic treatment of the neutron scattering and capture in Gd, D 2 O, and the quartz cells. The resulting correction factors were applied to the liquid capture yield data. The factors ranged from 1.02 at 0.01 eV to 0.995 at 0.1 eV. They accounted primarily for quartz scattering and subsequent capture in Gd, which could not be modeled in SAMMY. More details are provided in Ref. 1 .
For liquid thermal transmission analysis, no diluent, i.e., D 2 O, specifications are needed. That is because D 2 Oonly blank cells are used for the open beam measurement, and therefore, the effect of the diluent cancels experimentally from the transmission, defined as~quartz ϩ sample ϩ diluent!0~quartz ϩ diluent-only open beam!. Therefore, the SAMMY model includes only Gd. The presence of Gd in the samples is so dilute that there is no need to account for D 2 O displaced by the Gd.
The following assumptions were made for the SAMMY analysis:
1. Background was not fitted during the SAMMY analysis, which determined the final resonance parameters. Background was only varied in transmission in the 10-to 80-eV region as a sensitivity study for the purpose of determining uncertainties.
2. Resonance parameters of the two bound level resonances of Gd~1 52 Gd and 154 Gd! were not varied.
3. Resonance parameters of 152 Gd were not varied because of its low abundance~0.2%!. They were fixed to ENDF values. 4 . Normalization of the liquid sample thermal capture data was varied within a combined capture and transmission SAMMY fit.
5. Normalization was not varied for either capture or transmission in the epithermal region. 6. Energy regions over which each sample has been fitted are given in Table III . Low-energy cutoffs were chosen at a point where transmission falls below 1%. The thermal flux peaks at '0.08 eV and drops off rapidly with decreasing energy. The combination of low flux and the highly absorbing nature of gadolinium at subthermal energies led to regions of low transmission where the accuracy of the background treatment is important.
7. There were concerns about background in both epithermal transmission measurements using metal samples below 80 eV, and particularly below 10 eV. Therefore, the low-energy cutoff for these data sets was 10 eV.
The potential scattering lengths used in the present analysis for gadolinium are taken from ENDF. The potential scattering lengths used for deuterium and oxygen in the liquid samples were 5.20 and 5.46 fm, respectively. These radii were calculated from potential scattering cross sections, deuterium s s ϭ 3.4 b and oxygen s s ϭ 3.75 b~Ref. 27!.
The potential scattering lengths for each of the gadolinium isotopes except 152 Gd were varied with SAMMY to obtain a better fit to the thick~5.08-mm! transmission data. The resulting potential scattering lengths were similar to ENDF, 60.1 fm.
The radius to be used for penetrabilities and shifts were calculated using Eq.~3!~Ref. 8!:
where a is the channel radius and AWRI is the atomic weight given in the ENDF file. This atomic weight is based on the mass of the neutron rather than amu. The effective temperature was 293 K, and no external R-function was employed. Distant resonances were represented by including all of the resonances present in the ENDF file. No p-wave resonances were observed in the energy range currently being reported.
The manufacturer-specified tantalum content of the natural metal samples was 0.1%. A SAMMY fit of thick samples to the strong 4.28-eV resonance in tantalum yielded an abundance of 0.13%, which was used in all resonance parameter fits. That is, all ENDF resonances for Ta were included in all metal-sample SAMMY calculations with an abundance of 0.13%.
Resonance integrals are defined in Eq.~4!:
where RI is the infinitely dilute capture resonance integral~in barns! and s C~E ! is the neutron capture cross section~in barns!.
Resonance integrals and thermal cross sections were calculated using the NJOY program. 28 The resonance integrals were evaluated from 0.5 eV to 20 MeV. One calculation was performed using ENDF resonance parameters, and one calculation was performed with RPI resonance parameters replacing the ENDF parameters for all resonances below 300 eV. Results are presented in Sec. VI.C.
VI. RESULTS
VI.A. Results: Thermal
Resonance parameters were determined in a covariance-matrix-linked SAMMY calculation. The resulting resonance parameters for the two thermal region resonances are given in Table IV . ENDF0B-VI resonance parameters are nearly identical to those of Møller et al. 3 The uncertainties given in Ref. 3 are reported as ENDF uncertainties in Table IV . The uncertainties given in Table IV for the thermal region were estimated to be on the order of 1s and include the following considerations: internal consistency of the transmission data, reproducibility of transmission results, the uncertainty in capture flux normalization, and the balance of interactions between the overlapping 155 Gd and 157 Gd thermal resonances.
The methods used to estimate the RPI uncertainties are discussed in Sec. VII and Ref. 1. Since both of these Fourteen samples were included in this calculation: seven liquid transmission samples~four enriched in 155 Gd, and three enriched in 157 Gd!, three natural metal transmission samples, and four liquid capture samples~two enriched in 155 Gd and two enriched in 157 Gd!. No natural metal capture measurements were made. An overview of the data and the SAMMY calculations using RPI resonance parameters is shown in Fig. 2 . Comparisons of some of the present results to ENDF are shown in Fig. 3 . The inability of a single set of resonance parameters to fit all data sets simultaneously is due to internal inconsistencies in the data. The SAMMY fit was a statistically weighted combination of the data sets. The name of each sample and the isotope in which it is enriched is given in the legends of Figs. 2 and 3 . The isotopic content in each sample is given in Table II . The thermal-region 157 Gd resonance is approximately four times stronger than the 155 Gd resonance, and their relative abundances in natural metal are approximately the same~see Table II!. The 157 Gd neutron width is determined predominantly from natural metal transmission data and 157 Gdenriched liquid sample transmission data. Capture normalization, in turn, is determined predominantly by the transmission-derived 157 Gd neutron width. The 155 Gd neutron width is determined predominantly by 155 Gdenriched liquid transmission data and, to a lesser extent, by natural metal transmission data and 155 Gd-enriched liquid sample capture data. In the present data, transmission data have smaller statistical uncertainties than capture yield data, and thick samples have more influence Tables II and III . "LX-4b" signifies data from sample LX-4 taken during the second thermal transmission experiment. Experimental details are given in Table I . Fig. 3 . The data for five thermal region samples, SAMMY fit and corresponding calculated transmissions and yields using ENDF resonance parameters. The thermal~0.0253-eV! capture cross section of 157 Gd was measured to be 9% lower than that of ENDF. The 155 Gd thermal capture cross section was not significantly different from ENDF. Sample details are given in Tables II and III . "LX-4b" signifies data from sample LX-4 taken during the second thermal transmission experiment. Experimental details are given in Table I. on derived resonance parameters than thin samples in both capture and transmission. 21 
VI.B. Results: Epithermal
An overview of the SAMMY fit in the epithermal region is given in Fig. 4 . The epithermal region was analyzed in two parts. First, the 1-to 10-eV region was fitted with a combination of thermal transmission and epithermal capture data sets~see Sec. V!. Second, the 10-to 300-eV region was fitted using data entirely from natural metal samples in capture and transmission. Resonance parameters for the epithermal region are given in Table V . The uncertainties quoted in Table V Resonance parameters resulting from the SAMMY fit are given in Table V . The same three samples were measured in both transmission and capture, i.e., 0.025 mm 1 mil!, 0.051 mm~2 mil!, and 0.127 mm~5 mil! natural metal Gd. The radiation width for the weak 3.6-eV resonance in 155 Gd was not varied from ENDF values.
VI.B.2. Results: Epithermal-
The 10-to 300-eV Region
Fifteen data sets were used in the region above 10 eV. There were two separate transmission measurements. The first used a B 4 C overlap filter and included samples of the following thicknesses: 0.127 mm~5 mil!, 0.254 mm 10 mil!, 0.508 mm~20 mil!, 0.889 mm~35 mil!, and 1.27 mm~50 mil!. The second epithermal transmission measurement used a Cd overlap filter and included samples of the following thicknesses: 0.508 mm~20 mil!, 0.889 mm~35 mil!, 1.27 mm~50 mil!, 2.54 mm~100 mil!, 5.08 mm~200 mil!, and 1.02 cm~400 mil!. The capture measurement used a Cd overlap filter and included samples of the following thicknesses: 0.025 mm 1 mil!, 0.051 mm~2 mil!, 0.127 mm~5 mil!, and 2.54 mm 100 mil!.
The resolved resonance energy region for 155 Gd in the ENDF0B-VI evaluation ends at 180 eV. As a result, fitting data above 180 eV was performed without initial estimates for resonance locations and widths-a challenging task. Finally, if a resonance is clearly observed in both transmission and capture, it has been added to the database shown in Table V . In these cases, the isotope and spin are listed as unassigned, and their associated neutron widths are given as 2agG n , where a is abundance and g is the statistical weighting factor: g ϭ~2J ϩ 1!0 @2~2I ϩ 1!#, where I is the spin of the target nucleus and J is the total angular momentum of the compound statẽ also known as the spin state of the resonance! in units of h02p where h is Planck's constant.
An example of the detailed descriptions available for the entire epithermal region in Ref. 156 Gd in the present analysis. Another specific omission of a resonance listed in ENDF occurred at 206.9 eV in 157 Gd. This resonance is small in ENDF, G n ϭ 1.36 meV, and cannot be traced to any of the Gd experiments discussed in this paper. It does not improve the fit and has been omitted from the present results. ENDF contains a 152 Gd resonance at 207.7 eV, but a review of the literature failed to reveal the source of this resonance. Figure 6 shows a "staircase" plot of gadolinium level density including all new resonances added during the present analysis. The plot of observed levels versus energy shows a good fit to a straight line that agrees with the statistical model of the nucleus up to ;50 eV. All levels are s-wave. Elemental gadolinium is shown because there is no assignment of isotope to the proposed new resonances. Above 50 eV a significant number of levels are missed. Therefore, even with the resonances added in the present analysis, the expectation of constant level density versus energy is not exceeded.
VI.C. Results: Resonance Integrals and Thermal Cross Sections
Thermal cross sections and infinitely dilute capture resonance integrals have been calculated using ENDF and RPI resonance parameters. The isotopic ENDF evaluations used are from ENDF0B-VI updated through release 8. These files were processed using NJOY~Ref. 28! into pointwise~energy and cross-section! data, and isotopic thermal~2200 m0s! cross sections were obtained. The original ENDF files were then modified by replacing the original file 2 resonance parameters with those determined in the present work for all resonances below 300 eV. All resonances listed in Tables IV and V, except those designated "Unassigned" in those tables, were included. The resulting modified-ENDF files were processed using NJOY~Ref. 28!, and thermal cross sections and resonance integrals were obtained.
Thermal cross sections from the present measurements are compared to those of ENDF in Tables VI and VII. The most significant departure of the present results from ENDF thermal capture cross sections is in 157 Gd. This 11% reduction~from 254 000 b for ENDF to 226 000 b for RPI! is consistent with the '9% reduction in neutron width for the thermal 157 Gd resonancẽ see Table IV !. An insignificant reduction in thermal capture cross section is seen in 155 Gd. This is due to the competing effects of a 7% reduction in neutron width compensated by a 3.7% reduction in total width~G n ϩ G g ! and an energy shift toward the thermal energy~0.0253 eV! point. The thermal capture cross section of elemental gadolinium is '9% lower than that calculated from ENDF parameters.
A significant reduction of the thermal elastic cross section~Table VII! of the present results from ENDF occurs in 157 Gd~from 1010 to 798 b!. Thermal elastic scattering cross sections are proportional to G n 2 . So, the reduction in the thermal elastic cross section of 157 Gd is consistent with the '9% reduction in neutron width for the thermal 157 Gd resonance~see Table IV !. The thermal elastic scattering cross section for 157 Gd has a large uncertainty since it is essentially the small difference of two large numbers~total and capture cross sections!. Gadolinium-156 also exhibits a large deviation from ENDF in its small and statistically uncertain thermal elastic cross section. Gadolinium-156 has only two resonances below 100 eV. The increase in its thermal elastic cross section is due to the substantial increase in the neutron width of the 80 eV resonance~see Table V!. However, the uncertainty on that neutron width~see Table V! encompasses the majority of the increase.
Resonance integrals~Table VIII! are given for each isotope as well as their contribution to the elemental values. The integrations extend from 0.5 eV to 20 MeV. The low-energy cutoff is above the thermal region doublet. The elemental resonance integral for Gd as measured is 2.8%~11 b! larger than that of ENDF. The largest fractional increases in isotopic contributions occur in 154 Gd and 158 Gd; 154 Gd and 158 Gd have far fewer resonances than 155 Gd or 157 Gd. A 14% increase in the 158 Gd resonance integral compared to ENDF was measured. This is dominated by the 22.3-eV resonance whose neutron width changed by approximately the same amount. In Tables IV and V, estimated uncertainties~on the order of 1s! are given for the present measurements. They are based upon an envelope of plausible values representing the differences between data sets of equal quality. The sensitivity of the resonance parameters resulting from SAMMY fits to different subsets of the overall data was the method used to estimate the uncertainty on the resultant parameters.
In the thermal region these sensitivity calculations, used to define the uncertainties on resonance parameters in the thermal region, consisted of A detailed discussion of the uncertainty analysis in the present work is given in Ref. 1 . The variability of the results is most likely due to systematic errors. A systematic error is a bias, rather than a random error, and may be due to features that are common to both capture and transmission measurements. The transmission and capture measurements are independent and complementary methods for determining resonance parameters. Features common to both types of experiments and possible sources of systematic uncertainties include using the same electron accelerator, the same neutron-producing target, the same method for determining flight path length, some of the same Gd samples, and some of the same data acquisition electronics. Other potential sources of error include capture flux normalization and the analytical descriptions of the resolution functions.
Uncertainties in sample thicknesses given in Table III  are not included in the final uncertainties given in  Tables IV and V. 
VIII. CONCLUSIONS
Resonance parameters were extracted from combined capture and transmission data sets using the multilevel R-matrix Bayesian code SAMMY. The analysis included Doppler broadening, resolution broadening, and multiple scattering correcting of capture data. Separate resolution functions for transmission and capture were used.
The present measurements assumed the same spin assignments as ENDF for all resonances analyzed.
Neutron widths~Table IV! and thermal~2200 m0s! capture cross sections~Table VI! of the thermal doublet are smaller than currently published~ENDF! values. The neutron widths in particular are significantly smaller than those of ENDF. The thermal~2200 m0s! cross section of 157 Gd is 11% smaller than that of ENDF.
In the epithermal region, a great deal of improvement has been made to the Gd resonance parameter database. In the energy region near 96 eV, and particularly above 165 eV, significant changes are suggested to ENDF parameters. New resonances have been suggested where comparisons of data to calculations clearly show they are needed.
Any future gadolinium measurement must be improved beyond the current methods. There were internal inconsistencies between thermal transmission and capture results. There were internal inconsistencies within thermal transmission measurements. The magnitude of these inconsistencies was quantified by the uncertainties on the resonance parameters quoted in Table IV .
Results in the epithermal region could be improved with the use of separated isotopes. Samples would need to be thicker for this region than the samples produced for use in the present measurement in the thermal region. That is, grams of separated isotopes would be needed for epithermal measurements.
